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Introduction
We have recently described the use of mixtures of resolving agents in classical resolutions. 1, 2 We have coined the name 'Dutch Resolution' for this technology. Use of this classical resolution technology improves the success rate for finding a suitable resolution for most racemates tested.
In order to investigate this combinatorial approach in different chiral technologies, we tested the use of a family of related ligands in a catalytic asymmetric reaction. In the literature, only a few examples are reported showing the use of mixtures of chiral catalysts, varying either in the metal ion or in the chiral ligand. [3] [4] [5] [6] [7] [8] [9] [10] In general, the catalytic species or the chiral ligands in these cases do have a different role. In our study we clearly intended to test a mixture of catalysts with the same catalytic function. 11 For this approach we chose the thoroughly studied asymmetric borane reduction of acetophenone. Over the years, highly efficient amino alcohol ligands have been described for this model substrate of which the Corey ligand α,α-diphenylprolinol is one of the best. 12 We chose to investigate the asymmetric borane reduction of acetophenone with less enantioselective amino alcohol ligands, like those initially studied by Itsuno et al. 13, 14 and Dieder et al. 15 In the lower enantiomeric excess (e.e.) regions, small deviations in stereoselectivity will have a larger effect on the e.e.s. This offers the advantage of establishing how mixtures of homochiral amino alcohol ligands may affect the e.e. of (R)-1-phenylethanol.
Results and discussion
Initially, we investigated stoichiometric binary mixtures of amino alcohols in different compositions varying from 100:0 to 0:100. Thus, 28 different combinations of homochiral β-amino alcohols were tested, 16 of which the four most extensively investigated are shown in Scheme 1. For most of the binary mixtures tested we observed that the e.e. remains at the level of the best member of the ligand mixture. Identical results are obtained for the ternary ligand system (S)-phenylglycinol/(S)-prolinol/(1S,2R)-1amino-2-indanol (see Fig. 2 ). Also, for this combination the e.e. remains at a high level of approximately 80% for (1S,2R)-1-amino-2-indanol over a wide range of molar ratios. Only high mol. fractions of (S)prolinol and/or (S)-phenylglycinol decrease the e.e. to 56 and 53%, respectively.
In order to investigate if the effects observed are not caused by a higher reactivity of the best ligand in the mixture, we estimated the reactivity order of the four amino alcohols in Scheme 1. Since direct measurement of the reaction rate at ambient temperature is not possible, 17 the relative reactivity of each ligand was compared with the competing uncatalyzed reaction by borane. From the course of the e.e. as a function of the amino alcohol concentration, the reactivity order for the four ligands has been determined to be (S)-phenylglycinol>(1S,2R)-1-amino-2-indanol>(S)-prolinol≈(1R,2S)-norephedrine. However, the difference in reactivity between the fastest and slowest amino alcohol was only a factor of 2. As can be seen in Figs. 1 and 2, this reactivity order does not explain the constant level of the e.e. of the best ligand when mixtures of amino alcohols are used. It is still unknown whether the reactivity of the ligand mixtures is in line with the individual amino alcohols or not.
When using catalytic amounts of amino alcohols as ligands, regeneration of the chiral oxazaborolidine catalysts plays a major role in the asymmetric borane reduction. 18, 19 Therefore, we investigated the use Although the asymmetric induction under these conditions is rather low due to the uncatalyzed reaction, a small but significant increase of the e.e. is observed by using mixtures of both oxazaborolidines (see Fig. 3 ).
With this oxazaborolidine mixture, the highest e.e. values are observed for a 1:1 composition (i.e. approximately 25% e.e.), while the separate oxazaborolidines from (S)-phenylglycinol and (1S,2R)-1amino-2-indanol both give an e.e. of 20%. Although the intrinsic asymmetric induction with (1S,2R)-1-amino-2-indanol is higher than for (S)-phenylglycinol, the higher reactivity of the latter results in the identical e.e. of 20% for both catalysts.
The results can be described mathematically by the quadratic equation:
e.e.% = −18.4x 2 
For a 95% accuracy of this equation the square term has a variance of −18.4±5.3, and always remains negative (i.e. a maximum in the curve in Fig. 3 ). Additional proof that this increase of the e.e. is not caused by the relative reactivity of the oxazaborolidines is obtained by testing the mismatch couple of amino alcohols with the inverse stereochemistry [i.e. (R)-phenylglycinol and (1S,2R)-1-amino-2-indanol]. With 10 mol% of this binary system a linear relation between the e.e. and the composition is observed (see Fig. 3 ).
Although we are not certain about the origin of the observed effects at the moment, some types of aggregation of the catalyst must be responsible for the (small) improvement of the e.e. when using mixtures of catalyst. Aggregation of oxazaborolidines at lower temperatures has been previously proposed as an explanation for the decrease in the e.e.s of asymmetric borane reductions at lower temperatures. 18, 20 Identical effects are observed in asymmetric amplification reactions of similar asymmetric reductions of ketones using Ipc 2 BCl and in the diethylzinc addition to benzaldehyde. 21 Further research is necessary to find evidence for this theory. The fact that the e.e. in the asymmetric borane reduction using mixtures of chiral ligands is almost equal to the e.e. of the best ligand in the mixture offers the opportunity for a fast and efficient screening method in catalytic asymmetric synthesis. Similar effects, as described above, have already been observed in other asymmetric reactions. These results will be published in the near future.
Experimental

Preparation of the oxazaborolidine-borane stock solutions
An oxazaborolidine-BH 3 stock solution for each chiral amino alcohol in THF was prepared independently, using the following procedure: to a solution of 10 mmol of amino alcohol in dry THF (5 ml) was added 1 M borane solution in THF (25 ml). The solution was stirred overnight at ambient temperature before use. For each series of experiments a fresh flask of borane solution was used since re-use of opened bottles of borane solutions gave erroneous results. For the reduction experiments with 10 mol% of oxazaborolidines, stock solutions were prepared, starting from 1 mmol of amino alcohol.
Reduction of acetophenone with mixtures of amino alcohols
Of the independently prepared stock solutions, the appropriate mixtures of two or three oxazaborolidine-BH 3 solutions were prepared by pipetting the correct amounts of each stock solution to a total volume of 3.0 ml. To this stirred solution at ambient temperature, 2.0 ml of a stock solution of 40 mmol of acetophenone in dry THF (25 ml) was added over a period of 60 min (addition times of <5 min resulted in lower e.e.s and a low reproducibility). Although all the borane reductions of acetophenone were quantitative after the addition, the reaction mixtures were stirred overnight at ambient temperature. Samples of the reaction mixtures were analyzed on e.e.s of 1-phenylethanol by HPLC [column: Chiracel OB, eluent hexane:i-propanol 90:10, flow: 0.5 ml/min, detection: polarimeter or UV-detector (254 nm)] after dilution with i-propanol or acidic extraction with ethyl acetate/4 N sulfuric acid.
